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ABSTRACT
A Panax-centric view of invasive species and the competitive and allelopathic effects
of garlic mustard (Alliaria petiolata) on American ginseng (Panax quinquefolius L.)
Kerry Lynn Wixted
American ginseng (Panax quinquefolius L.) is a long-lived, valuable herb found
throughout the eastern United States. Habitat degradation, harvest pressures,
overbrowsing by deer and reduced genetic diversity are believed to be the primary causes
of decline for this rare species; however the widespread threat of invasive species has yet
to be investigated. Therefore, my research focused on examining the level of exposure of
individuals and populations of ginseng to invasive plant species as well as partitioning
the effects of a particular invasive, garlic mustard (Alliaria petiolata), into those owing to
competition and allelopathy. For my first study, I used a novel plant-centric sampling
approach to investigate the level of invasion in 30 natural ginseng populations. I found a
high level of invasion both among populations and near individual ginseng plants. I also
found a higher probability of previously harvested populations and larger populations to
contain invasive species. My second study addressed the competitive and allelopathic
effects of garlic mustard on ginseng seedlings. I found that while there was no
competitive effect of garlic mustard, there was a tendency for garlic mustard to
allelopathically increase mortality in ginseng seedlings. The third study examined how
garlic mustard density and leaf litter addition may affect ginseng growth and
reproduction. While the extreme garlic mustard treatments showed no significant effect
on ginseng growth, increased weight of garlic mustard leaf litter had a tendency to
decrease the proportion of flower buds which developed into berries and seeds. The
overall conclusions from these studies are that invasive species are prevalent within
natural ginseng populations, and ginseng recruitment within garlic mustard invaded
populations may be reduced.
Keywords: American ginseng, invasive species, garlic mustard, Panax quinquefolius,
Alliaria petiolata
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CHAPTER I:
GENERAL INTRODUCTION

1

Invasive species present some of the most substantial threats to biodiversity today,
particularly to threatened or endangered plant species (Wilcove et al 1998; Millennium
Ecosystem Assessment 2005). Recently, the estimated economic impact of invasives in
the United States is $120 billion per year (Pimentel et al. 2005); however this figure does
not include values for decreased biodiversity and possible species extinctions. Invasives
can suppress native species’ recruitment and persistence (McCarthy 1997; Thomson
2005), as well as alter ecosystem properties (Ehrenfeld and Scott 2001) and processes
(Vitousek and Walker 1989; D’Antonio and Vitousek 1992), all of which could result in
a global impact (D’Antonio and Vitousek 1992). The success of invasive species has
been attributed to a variety of factors such as escape from natural predators and
pathogens (Wolfe 2002, Callaway and Aschehoug 2000; Mitchell and Power 2003), the
use of “novel weapons” (Callaway and Ridenour 2004; Bais et al. 2003; Callaway et al.
2008), photosynthetic efficiency (Nagel and Griffen 2004), fast growth and prolific
reproduction (Kolar and Lodge 2001).
While many invasive species typically invade disturbed areas (Hobbs and
Huenneke 1992; Marvier et al. 2004; Stolgren et al. 1999), some invasive plants are able
to infiltrate undisturbed forests (Ehrenfeld 1997; Knapp and Canham 2000; Nuzzo 1999;
Weber and Gibson 2007). In addition, one study examining community invasibility
(Levine and D’Antonio 1999) found that few communities will remain uninvaded with
invasive propagule pressure. The findings from that study presents a need to quantify
exposure of native species within interior forests to invasive plants as well as to
understand potential negative interactions between invaders and native species.
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One major invader of deciduous forests is garlic mustard (Alliaria petiolata).
Garlic mustard is a Eurasian biennial currently found in 36 states and southern Canada
(Nuzzo 2000; Welk et al. 2002; USDA 2008). Garlic mustard has been found to invade
habitats such as disturbed forest edges, floodplains, undisturbed understories and old
growth forests (Nuzzo 1993; Nuzzo 1999; Stinson et al. 2006; Weber and Gibson 2007).
Removal of garlic mustard in established plots has been found to increase abundance and
diversity of native species, suggesting that it suppresses them (McCarthy 1997; Stinson et
al. 2007). Furthermore, native tree seedlings grown in soils previously invaded by garlic
mustard show significantly reduced growth compared to those in uninvaded soils
(Stinson et al. 2006). The mechanisms underlying garlic mustard’s success are thought to
be resource competition and allelopathy; however species have been found to vary in
their response to garlic mustard (Meekins and McCarthy 1999; Vaughn and Berhow
1999; Roberts and Anderson 2001; Prati and Bossdorf 2004; Stinson et al. 2006;
Callaway et al. 2008; Rodgers et al. 2008).
In contrast, American ginseng (Panax quinquefolius L.) is a culturally and
economically important native understory species found in the interior of eastern
deciduous forests in North America (Bailey 1999; Robbins 2000; McGraw et al. 2003).
American ginseng is a slow-growing, long-lived herbaceous species (Charron and
Gagnon 1991) with low seed production and relatively high seed viability and
germination (Carpenter and Cottam 1982; Lewis and Zenger 1983; Charron and Gagnon
1991). Like many other native species, ginseng forms mycorrhizal associations (Seo and
Anderson 1999) which helps the plant take up limiting nutrients. However, secondary
compounds produced by garlic mustard have been found to inhibit fungal mutualists
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(Roberts and Anderson 2001; Stinson et al. 2006; Callaway et al. 2008), potentially
making species which rely on mycorrhizal fungi more susceptible to garlic mustard.
Due to the concern over sustainability of harvest, ginseng was listed in Appendix
II of CITES (Convention on International Trade in Endangered Species of Wild Fauna
and Flora).

However, despite regulations, there remains a need for studies of the

population and conservation status of this species (Robbins 2000).

A conservation

assessment of American ginseng by Kauffman (2006) identified habitat degradation and
loss, poor harvest practices (Van der Voort and McGraw 2006), deer browsing (McGraw
and Furedi 2005) and reduced genetic variation (Cruse-Sanders and Hamrick 2004;
Grubbs and Case 2004) as potential threats to ginseng.

However, no studies have

examined the level of exposure and potential susceptibility of ginseng populations and
individuals to invasive species. Given this important gap in our knowledge of ginseng
ecology, the purpose of my research was to address the following questions: (1) What is
the level of exposure of ginseng populations and individuals to invasive plant species,
and what factors may predict the existence of invasive species in a population? (2) Is
there a competitive effect of a particular invasive (garlic mustard) on ginseng growth and
reproduction, and can that effect be attributed to allelopathy or garlic mustard density?
The significance of this research lies in documenting the exposure of American ginseng
to invasive plants and understanding how ginseng plants at different life stages may
respond to the current threat of the invasive garlic mustard.
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CHAPTER II:
A PANAX-CENTRIC VIEW OF INVASIVE SPECIES1

________________________________________________________________________

This chapter is formatted for submission to the journal Biological Invasions: submitted 4/14/08,
accepted 6/05/08 and published online 6/27/08 “Wixted, K. and J.B. McGraw. 2008. A Panax-centric view
of invasive species. Biological Invasions DOI 10.1007/s10530-008-9301-7.”
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ABSTRACT
Plant-centric sampling provides a novel approach to quantifying the potential impact of
invasive species on native plant species. The aim of this study was to determine the level
of exposure of individuals and populations of Panax quinquefolius to invasive plant
species using this approach in thirty natural ginseng populations. A high level of
invasion was found with 63% -70% of ginseng populations containing at least one
invasive species. Approximately one-third of all individuals were found in close
proximity to invasive plants. The most prevalent invasive species were Rosa multiflora
and Berberis thunbergii. The exposure to invasives of plants in different size classes
varied among populations. Invasive species presence increased with greater ginseng
population sizes and presence of harvest. The abundance of invasive plants within forest
interiors near this valuable medicinal herb suggests that the economic and ecological
costs of competitive interactions with native species could be high.
Key words: Invasive species, Panax quinquefolius, American ginseng
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INTRODUCTION
Invasive species are economically and biologically damaging to the ecosystems in
which they have been introduced (Pimentel et al. 2005; Wilcove et al. 1998). Escape
from natural predators and pathogens (Callaway and Aschehoug 2000, Mitchell and
Power 2003, Wolfe 2002), “novel weapons” (Bais et al. 2003; Callaway and Ridenour
2004), photosynthetic efficiency (Nagel and Griffen 2004), fast growth and prolific
reproduction are some of the attributes of successful invasive plants (Kolar and Lodge
2001). Invasive plants can even change ecosystem properties such as soil chemistry
(Ehrenfeld and Scott 2001) or ecosystem development (Vitousek et al. 1987). Most
invasive plant species compete with natives for limited resources and some exude
allelochemicals from their roots or through foliar leaching (Dorning and Cipollini 2005;
Heisey 1990; Heisey 1996; Rose et al. 1983). Removal of established, invasive plants
has been shown to cause an increase in native recruitment and diversity, thus suggesting
they do suppress native species (McCarthy 1997; Thompson 2005). Those findings have
considerable implications for forest regeneration following an invasion.
While literature on the effects of non-native invasive species on native species is
extensive, no studies have examined the importance of invasives for economically
valuable, native medicinal plant species. One widespread medicinal plant is American
ginseng (Panax quinquefolius). Ginseng is an herbaceous perennial found within eastern
deciduous forest interiors of North America. Ginseng is a flagship species that is not
only important in an economic sense but also the harvest has great social and cultural
significance, particularly in Appalachia (Bailey 1999). Currently, ginseng is uncommon,
rare or endangered in most of its range (USDA 2007). Due to high levels of harvest and
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declining populations, ginseng harvest is listed on Appendix II of CITES (Convention on
the International Trade in Endangered Species of Wild Fauna and Flora) (Robbins 2000;
USFWS 2005). Despite this listing, there is still a great need for more information on the
population and conservation status of ginseng (Robbins 2000), especially since invasive
species pose some of the greatest threats to rare and endangered species (Wilcove et al.
1998).
Ginseng is a long-lived, slow-growing herb (Charron and Gagnon 1991) with
populations that are threatened by poor harvest practices (Van der Voort and McGraw
2006), deer browsing (McGraw and Furedi 2005) and inbreeding along with reduced
genetic diversity (Cruse-Sanders and Hamrick 2004, Mooney and McGraw 2007).
Similar to other understory forest species, P. quinquefolius forms vesicular-arbuscular
mycorrhizal (VAM) associations (Seo and Anderson 1990) which allow P. quinquefolius
to survive in a range of soil conditions, particularly those that are phosphorus limited
(Anderson et al. 1993). Allelopathic invasive plants produce chemical constituents that
have been found to inhibit mycorrhizal colonization and growth (Roberts and Anderson
2001; Rose et al. 1983; Stinson et al. 2006), and would be expected, in turn, to negatively
affect species dependent on those associations.
As a widespread, long-lived and slow-growing species of forest interiors,
ginseng’s exposure and susceptibility to invasive species is unknown. On one hand,
many invasives occupy disturbed habitats (Hobbs and Huenneke 1992; Marvier et al.
2004; Stolgren et al. 1999), which are uncharacteristic for forest herbs such as ginseng
(Anderson et al. 1993). However, the diversity of habitats ginseng occupies (McGraw et
al. 2003), the fact some invasive plants do penetrate undisturbed forests (Ehrenfeld 1997;
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Knapp and Canham 2000; Nuzzo 1999; Weber and Gibson 2007), and the long lifetimes
of ginseng plants, suggest that the effects of invasives could be important. Furthermore,
given ginseng’s widespread occurrence in eastern deciduous forests (Charron and
Gagnon 1991), ginseng may be exposed to invasives at rates similar to other understory
herbs. A study by Anderson et al. (1993) in Illinois found some of the most common
herbs within ginseng populations included Smilacina racemosa, Arisaema triphyllum,
Sanicula marilandica, Phryma leptostacha, Podophyllum peltatum, Circaea
quadrisulcata, Sanguinaria canadensis, Galium circaezans, Geranium maculatum and
Osmorhiza claytonia. With their similar niches, such understory species may be exposed
to comparable levels of invasive species.
Given the importance of ginseng and the current threat of invasive plant species,
the purpose of this study was to address the following questions: (1) What is the level of
exposure of ginseng populations and individuals to invasive plant species? (2) What
species of invasive plants are most abundant within ginseng populations? (3) Are all size
classes of ginseng equally exposed to invasive plants or are certain stages more exposed
than others? (4) Is presence of invasive species predicted by population size, elevation,
latitude, and/or previous harvest?
METHODS
To assay invasive species, presence/absence data were recorded in 30 natural
ginseng populations over the course of two years (2006 and 2007). Two years of
censusing were necessary to ensure detection of invasive species that may have been
missed inadvertently due to rarity or crypticity. These widely distributed populations
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Figure 2.1: Distribution of invaded and uninvaded study populations spread over 7 states
in 2007
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were located in seven states (IN, KY, MD, NY, PA, VA, and WV), covering much of the
breadth of ginseng’s natural range (Fig. 2.1). The surveys were performed in mid to late
May when the individual ginseng plants had fully emerged from dormancy and were least
likely to have been deer browsed. Dormant plants were not surveyed; however plants
that had emerged but had evidence of deer browse were included. Most populations were
located within mixed mesophytic forests with tree species such as sugar maple (Acer
saccharum) and tulip poplar (Liriodendron tulipifera) dominating the overstory (Table
2.1). Populations were located in a range of elevations and latitudes representative of the
wide variety of habitats that ginseng occupies (Table 2.1). Furthermore, a few
populations were located within marginal or atypical habitat for ginseng and some
ginseng populations have been previously harvested.
The invasive species survey was done while censusing ginseng for a long-term
demographic study. Within each population, plants were located each year using a series
of digital photographs, distances and directions to individuals that were cryptically tagged
with engraved aluminum nails. New seedlings and new plants were given new nails and
identification numbers as they were found, and the leaf number of each plant was
recorded to delineate size classes. A total of 4,540 ginseng were surveyed in 2006 and
4,279 in 2007.
Traditionally, presence-absence surveys utilize randomly placed transects or
quadrats to sample species occurrence (McIntyre et al. 1995; Weber and Gibson 2007).
However, the aim of this paper was to examine the level of exposure of only ginseng
plants. Therefore, invasive species’ presence data were collected on a plant-by-plant
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Table 2.1: Attributes of study populations.
State

Population

WV
WV
KY
WV
MD
WV
WV
KY
PA
KY
KY
WV
NY
VA
PA
WV
KY
VA
VA
WV
WV
VA
WV
KY
NY
IN
IN
WV
WV
VA
7
states

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
30
populations

Known harvest
history
Y
N
N
N
Y
Y
N
Y
Y
N
Y
N
N
Y
N
Y
N
N
Y
Y
Y
Y
N
N
Y
Y
N
N
N
N
46% harvested

Overstory
MM
AH
MM
AH
MM
MM
AH
MM
MM
MM
MM
MM
AH
MM
MM
MM
MM
AH
OH
MM
MM
MM
MM
MM
AH
MM
MM
AH
MM
OH
67% MM
27% AH
6% OH

Elevation (m)
775
764
314
758
577
370
630
148
146
276
217
618
466
743
230
258
106
1073
595
538
526
591
333
167
204
194
171
761
783
591

Latitude1
37.4
39.1
37.5
39.0
39.5
38.5
39.0
37.3
40.2
37.6
37.8
37.8
42.5
36.9
40.0
38.5
37.1
38.2
37.4
39.7
39.7
37.1
39.6
36.9
42.7
39.9
40.0
39.1
39.1
37.0

Key: 1 Measured in decimal degrees and rounded for this table to protect location of populations. Harvest
history (during census period): N=none, Y=yes; Overstory: MM=mixed mesophytic, AH=Allegheny
hardwoods, OH=oak-hickory
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basis to determine the total proportion of individuals exposed to invasive plants as well as
the frequency of invasive plants at each site. Invasive, herbaceous plants were recorded
as present if they fell within a 2 m radius of a ginseng plant, while shrubs were recorded
as present if within 5 m, and trees if within 10 m. These distances were conservatively
chosen to represent the outer limits of distances at which the invasive plants may
competitively or chemically affect ginseng. For example, allelopathic trees such as treeof-heaven not only emit allelochemicals from roots but also from leaf litter (Heisey 1990;
Heisey 1996) which would make 10 m a reasonable distance for possible effects. These
distances may overestimate the number of plants that presently affect ginseng but
conservatively estimate the number that are ‘poised’ to potentially impact ginseng in the
near future. For instance, garlic mustard has been found to spread 5.4 m/yr (Nuzzo
1999). Without knowing the competitive reach of each invasive species, this first
approximation of competitive range was made as a compromise between these two
factors.
Data on invasive species’ presence were used to calculate the proportion of
ginseng populations with invasive species present as well as the proportion of ginseng
individuals with an invasive plant within a potentially competitive range. Absence of
invasive species in a population does not imply that they are not present at the site; only
that there were none within competitive range of ginseng. Relative abundance of the
invasive species was compared using the Panax-centric presence data as well. For those
populations that had invasives, the proportion of each ginseng size class that had
invasives within competitive range was calculated. Size categories were based on the
leaf number (1, 2, and 3 or more), roughly corresponding to seedlings, juveniles and
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adults (Charron and Gagnon 1991; McGraw and Furedi 2005). Data were then analyzed
using a log-likelihood test to determine if there were differences among populations and
size classes (‘main effects’ in the model) in proportion of individual ginseng plants with
invasive species in competitive range. The interaction term was included to determine
whether size class differences varied among populations.
Presence of invasive species was related to ginseng population size, elevation, and
latitude using logistic regression to test the hypothesis that these environmental variables
would predict presence of invasives. A priori, we expected that small populations and
those from high elevations and latitudes would have a lower probability of invasive
species presence. For populations with invasive species, we used linear regression to
examine the number of ginseng plants with an invasive in range as a function of
population size as well as the proportion of ginseng plants with invasives in range as a
function of population size. Finally, a log-likelihood test was used to determine if the
presence of harvest would predict presence of invasive species.
RESULTS
Invasive plant species were found in 19 out of 30 ginseng populations (63%) in
2006 and 21 out of 30 ginseng populations (70%) in 2007 (Table 2.2, Fig. 2.1).
Furthermore, 10 populations in 2006 had more than one invasive species while 13
populations had multiple invasive species in 2007 (Table 2.2). In 2006, one site,
population 9, contained 7 different invasive species (Table 2.2).
As with populations, exposure of ginseng individuals within was high. A total of
1,329 out of 4,540 (29.3%) ginseng individuals had an invasive plant within competitive
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Table 2.2: Proportion of ginseng individuals with invasive plant within competitive
range in each population in 2006 and 2007.
Population
1
2
3
4
5
6
7
8
9
10
11
12

2006
Invaded/N
57/63
0/34
0/433
26/86
104/175
0/60
0/11
0/48
93/100
34/91
104/281
14/151

2007
Invaded/N
44/44
0/22
3/344
29/87
91/184
0/71
0/10
19/38
90/102
44/93
114/155
27/138

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
Total

7/320
44/213
347/387
5/97
10/99
9/55
251/311
48/126
32/407
114/130
0/162
0/63
22/76
8/131
0/160
0/100
0/136
0/33
1329/4540

3/342
44/153
421/485
0/94
53/65
20/45
239/241
51/124
39/407
68/112
0/104
126/126
33/102
26/126
0/168
0/103
0/159
0/35
1584/4279

Invasive Species Present
BT1, RM
N/A
RM2
BT
AP
N/A
N/A
LO2
1
AC , AP, BT, EU1, LS, LO, RM
LJ, RM
LO, MV1, RM
BT, EA2, LO, RM
BT
MV1, RM
AA, BT, EU1, MV1, RM, RP
RM
AA2, LO , LJ
AP, LO2, RM2
AP, LO, RM
RM
AA2, BT, RM
BT, LO, LJ2, RM
N/A
AA2
BT, LO2
AP2, LO2, RM
N/A
N/A
N/A
N/A

Key: 1= 2006 only; 2= 2007 only
AA= Ailanthus altissima, AC= Acer platanoides, AP= Alliaria petiolata, BT= Berberis thunbergii,
EU= Eleagnus umbellata, EA= Euonymus alatus, LS= Ligustrum spp., LJ= Lonicera japonica,
LO= Lonicera spp. , MS= Microstegium vimineum, RM= Rosa multiflora, RP= Rubus phoenicolasius
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range in 2006 and 1,584 out of 4279 (37.0%) ginseng were exposed to invasive plants in
2007. Twelve invasive species were found within the study populations. Overall, two
herbaceous invasive species (Alliaria petiolata and Microstegium vimineum), eight shrub
species (Lonicera japonica, Lonicera sp., Rosa multiflora, Berberis thunbergii, Rubus
phoenicolasius, Elaeagnus umbellata, Euonymus alatus, Ligustrum spp.), and two tree
species (Acer platanoides and Ailanthus altissima) were found within ginseng
populations. Due to the timing of the survey and the lack of reproductive structures, the
bush honeysuckles and privet were not identified to the species level. Therefore, the bush
honeysuckle category may have included up to four species (Lonicera tatarica, L.
morrowii, L. x bella and L. maackii) and the privet category could have included either
Ligustrum obtusifolum or Ligustrum vulgare. The most abundant invasive species at the
individual and population levels for both years were multiflora rose (Rosa multiflora) and
Japanese barberry (Berberis thunbergii) (Table 2.2, Fig. 2.2).
Different size classes of ginseng were not equally exposed to invasive species,
however the specific pattern varied among populations (population x size class of ginseng
interaction; 2006, L-R= 103.049, p <0.0001; 2007, L-R= 83.2903, p<0.0001). In 2006
and 2007, sites such as 1, 9 and 15 all had greater than 80% invasion in all classes (Figs.
2.3, 2.4). In contrast, sites such as 4 and 18 had higher proportions of seedlings with
invasives in range while population 11, 12 and 20 had more adults exposed in 2006 (Fig.
2.3). In 2007, populations 19 and 24 also had greater than 80% invasion (Fig. 2.4). Also
in 2007, population 4 had mostly seedlings exposed while population 18 had mostly
juveniles and populations 11 and 20 had more adults (Fig. 2.4).
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Figure 2.2: Percentage of individual ginseng plants having a particular invasive within
competitive range for 2006 (N= 4,540) and 2007 (N=4,279)

Figure 2.3: Percentage of individuals within ginseng size classes having invasives in
competitive range in 2006
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Figure 2.4: Percentage of individuals within ginseng size classes having invasives in
competitive range in 2007
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In 2006, there was no clear propensity for larger populations to contain invasive
species (2= 2.191, p= 0.1388), however in 2007, there was a significant positive
relationship between population size and presence of invasives (2= 4.726, p= 0.0297).
For populations with invasive plants, the number of ginseng individuals with invasives in
range was positively related to population size in 2006 (slope= 0.429468, p= 0.0199) and
2007 (slope= 0.3899218, p= 0.0156). However, in invaded populations, the proportion of
individuals with invasives in range was not related to population size in either year
(slope= 0.0005, p= 0.9469; slope= -0.0005, p= 0.3903).
Elevation did not significantly affect the presence of invasive species in 2006 or
2007 (2= 0.012207, p=0.9120; 2= 1.2622, p= 0.2612), nor did latitude (2= 0.609945,
p= .4348; 2= 1.2622, p= 0.2612). In 2006 and 2007, previously harvested populations
were more likely to contain invasive species (L-R= 6.016, p= 0.0142; L-R= 5.6599,
p=0.0174).
DISCUSSION
Documenting the presence of an invasive plant species in a community is of
limited value with respect to estimating potential impact. Using individual plants of a
native species as a phytometer (Antonovics and Primack 1982), however, comes closer to
quantifying potential impact. This study is the first attempt to document the level of
exposure of a particular understory herb to invasive plant species on a plant-centric basis
across much of its range.
Past land use history may explain the presence of invasive plant species
(Lundgren et al. 2004), particularly at sites containing multiple invasive species and high
numbers of invasion. Population 9 had the highest diversity of invasive species and was
24

located in a small tract of land fragmented by housing development which may explain
the presence of ornamental species such as Ligustrum spp. Another population, 1, which
contained a high level of Rosa multiflora, was previously disturbed by municipal activity
and is also bordered by agricultural fields. In the case of population 15, it had nearby
agricultural fields. While these populations of ginseng were within marginal habitats for
the species, in such environments invasive species may have a negative consequence for
continued persistence. With increased suburban sprawl and forest fragmentation, an
increasing fraction of ginseng populations may be found in these environments.
Site-specific factors may explain the differences in invaded size classes of
ginseng by population. Populations 1, 9 and 15 were located within marginal habitat,
which could explain the high levels of invasion among all size classes. The high level of
invasion among the seedling class at population 18 may have been due to greater
recruitment near the edge of the forest, closest to light gaps where many of the invasives
reside. In 2006, a higher proportion of seedlings at population 11 had invasives in range,
while a recent harvest in 2007 removed half of the adults from the population in a portion
of the site that was least invaded.
The increased likelihood that larger populations of ginseng were invaded and
contained multiple invasive species was most likely due to the fact that larger populations
covered more area, thus increasing the probability of encountering invasive species. If
this were not the case, then the proportion of individuals with invasives in range would
have also been a function of population size, and this was not found.
Harvested populations also tended to have invasive species. Removal of ginseng
for harvest disturbs the litter layer and may facilitate colonization by invasives or other
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species, depending on availability of propagules. How species react to disturbance
depends not only on characteristics of the disturbance (size, intensity, and timing) but
also the attributes of surrounding species (Hobbs and Huenneke 1992). Several of the
harvested populations were in atypical and marginal habitat, close to edges in which
humans could easily access, harvest and disturb the landscape to allow invasive
colonization. Species such as A. petiolata are not facilitated by litter disturbance
(Meekins and McCarthy 2001), yet others such as M. vimineum have been found to
positively respond (Oswalt and Oswalt 2007). Humans may further function as vectors
for invasive plants by accidentally importing seeds on their shoes, clothing and
equipment.
Invasives such as Rosa multiflora (affecting 13.9-14.9% of ginseng plants) and
Berberis thunbergii (affecting 8.3-10.9% of ginseng plants) were the most ubiquitous
invaders among ginseng individuals and populations. R. multiflora has been found to be
one of the most frequent invasive plants in an old growth forest in Indiana (Weber and
Gibson 2007), and within forest fragments (Brothers and Spingam 1992). Another study
found both invasive species to be dominant across their sites (Lundgren et al. 2004). R.
multiflora has been found to create dense thickets which may competitively exclude
native species, while Berberis thunbergii may alter the microbial community structure
within soils in as little as 3 months (Kourtev et al. 2002; Kourtev et al. 2003).
Dispersal patterns of the invasives found on ginseng sites may explain their
presence in forest interiors. Birds and mammals have been found to disperse many of the
invasive honeysuckles, R. multiflora and B. thunbergii (Vellend 2002; Myers et al. 2004;
Ehrenfeld 1997). Indeed, some invasive plants were originally planted for wildlife forage
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(Dyess et al. 1994; Ehrenfeld 1997; Handley 1945; Steavenson 1946). L. tatarica was
even found to be preferentially selected by frugivores (Drummond 2005). Long distance
dispersal and ability to invade canopy gaps by species such as A. altissima may also
explain presence in forest interiors (Knapp and Canham 2000; Landenberger et al. 2007).
The abundance of particular invasive species changed between 2006 and 2007.
Although there were exceptions, most differences between years were not interpreted as
reflecting spread or decline of the invasive species. In the case of bush honeysuckle
(Lonicera sp.), more was found in 2007, but this is likely due to increased detection of
this species group by surveyors after unexpectedly encountering them in the first year.
However, the greater presence of Ailanthus altissima in 2007 than in 2006 was due to
new colonization by seedlings in four previously uninvaded populations. Lonicera
japonica, known to produce dense mats of vegetation which excludes native seedlings
(Hardt 1986; Myster and Pickett 1992), had increased presence around ginseng
individuals between 2006 and 2007. The absence of Microstegium vimineum, Acer
platanoides, and Euonymus alatus in 2007 was due to the dormancy or death of ginseng
individuals near them, though the invasives were still present. The same occurence
happened in population 16, in which no invasives were recorded in competitive range of
ginseng in 2007. Between 2006 and 2007, a late frost also caused many ginseng
individuals to go dormant or die, which caused a decline in total ginseng population
numbers and potentially an increase in the percentage of invasives. Several populations
were further harvested between the two years which could also account for changes in
invasive presence/absence.
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Several invasive plants found in ginseng populations have allelopathic properties.
L. maackii extracts from leaves and roots on seed germination revealed significant
decreases in germination of 3 herb species (Dorning and Cipollini 2005). A. altissima
also has been found to reduce growth of seedlings from several crop species (De Feo et
al. 2003; Heisey 1990; Heisey 1996). Garlic mustard is another allelopathic species
whose extracts were found to reduce germination and colonization of mycorrhizae of
several crop species (Prati and Bossdorf 2004; Roberts and Anderson 2001) as well as
reduced the growth of arbuscular-mycorrhizal fungi (AMF) dependent tree species
(Stinson et al. 2006). Changes in arbuscular-mycorrhizal fungi can have not only
individual effects on host plants but also population and community level impacts (Smith
and Read 1997).
Overall, a high level of invasion was found within ginseng populations and within
competitive ranges of ginseng. Given ginseng’s widespread distribution within eastern
deciduous forests, it is probable that other similar understory plants experience a
comparable level of exposure. The presence of multiple invasive species within ginseng
populations also presents the possibility of inter-invasive facilitation through factors such
as soil modification (Jordan et al. 2007). Alteration of soils by allelopathy (Heisey 1990;
Heisey 1996; Prati and Bossdorf 2004; Roberts and Anderson 2001; Stinson et al. 2006)
or through litter inputs (Wolfe and Klironomos 2005) may change nutrients in soil which
could impact vegetative and reproductive success in ginseng (Shahi 2007). Interactions
between invasive species and ginseng may have undesirable effects on demography of
ginseng, especially in addition to the current pressures of harvest and deer browse.
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CHAPTER III
COMPETITIVE AND ALLELOPATHIC EFFECTS OF GARLIC MUSTARD (ALLIARIA PETIOLATA) ON
AMERICAN GINSENG (PANAX QUINQUEFOLIUS)1

________________________________________________________________________
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ABSTRACT
Allelopathy may be one mechanism of invasive plant success, yet field studies examining
allelopathic effects on native species are uncommon. Therefore, the purpose of this study
was to test competitive and allelopathic effects of garlic mustard, an invasive species, on
seedlings of an economically important forest herb, American ginseng (Panax
quinquefolius), under natural conditions. For comparative purposes, we also examined
the potential competitive and allelopathic effects of a native species (striped violet, Viola
striata) on ginseng seedlings. To partition the effects of resource competition and
chemical suppression via allelopathy, field soils were amended with activated carbon (or
left unamended). Activated carbon was found to positively affect several ginseng growth
variables as well as biomass of competitors. There was a tendency for ginseng mortality
to increase with garlic mustard presence, though activated carbon alleviated this
response. Garlic mustard had no significant effect on any ginseng growth variables,
while striped violet was found to suppress ginseng shoot length in the absence of
activated carbon. Our results show a surprising effect of activated carbon treatment on
plant growth, prompting a need for further research on how some species may respond to
its use. Our results also suggest that newly invaded ginseng populations with low
densities of garlic mustard may be able to withstand its effects, though recruitment within
invaded populations may decline.
Keywords: American ginseng, garlic mustard, invasive species, allelopathy, Alliaria
petiolata, Panax quinquefolius
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INTRODUCTION
Invasive plant species alter natural ecosystems (Ehrenfeld and Scott 2001;
Vitousek et al. 1987) and reduce native plant recruitment and diversity through
competition (McCarthy 1997; Thomson 2005; Stinson et al. 2007). Some invasive plants
are allelopathic, releasing chemical compounds into the environment that suppress
performance of neighboring plants (Rice 1984). Plants that have co-evolved with an
allelopathic species may be less susceptible to allelopathic compounds while newly
exposed species (such as those in an invaded range) may exhibit less resistance
(Callaway and Aschehoug 2000; Callaway et al. 2008). The noteworthy success of some
of the most aggressive invasive plants is attributed to these secondary compounds (Bais
et al. 2003; Callaway and Ridenour 2004; Prati and Bossdorf 2004; Stinson et al. 2006;
Gomez-Aparicio and Canham 2008; Callaway et al. 2008).
Many previous experiments investigating allelopathy have consisted of bioassays
using aqueous plant extracts in petri dishes (Roberts and Anderson 2001; Butcko and
Jensen 2002) or sterilized media. While results from bioassays indicate potential
interference, their relevance to natural environments is uncertain, especially in the
absence of soil (Inderjit and Weston 2000). In field soil environments, allelochemical
effects may be either greater or less than observed in vitro. For example, allelochemicals
in soils can inhibit fungal mutualists (Roberts and Anderson 2001; Stinson et al. 2006;
Callaway et al. 2008) which would amplify negative effects. On the other hand,
allelochemicals may be degraded by bacteria much more rapidly in soils, reducing their
bioavailability and negating their potential effects (Schmidt 1988). Alteration of soils by
allelopathy (Heisey 1990; Heisey 1996; Prati and Bossdorf 2004; Roberts and Anderson
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2001; Stinson et al. 2006) may change nutrient dynamics and ultimately ecosystem
properties (Wardle et al. 1998), effects which are excluded from traditional bioassays.
The differences between the effects of allelochemicals in vitro versus soils illustrates the
need for more field studies of allelochemical effects, of which there have been few
(Nilsson 1994; Nilsson et al. 2000; Rich 2004; Gomez-Aparicio and Canham 2008).
One way to test for allelopathy in the field is to amend soils with activated carbon
(Nilsson and Zackrisson 1992; Nilsson 1994; Rich 2004). Activated carbon has an
affinity for large organic compounds (Cheremisinoff and Morresi 1978; Inderjit and
Callaway 2003). These factors have led to the use of activated carbon by several studies
to remove or immobilize allelochemicals in the soil; however activated carbon may also
cause some nutrient interference (Lau et al. 2008). Several studies have used activated
carbon to quantify allelopathic effects (Nilsson 1994; Ridenour and Callaway 2001;
Wardle et al. 1998; Callaway and Ascheoug 2000; Prati and Bossdorf 2004; Cipollini et
al. 2008). Activated carbon also has been suggested for use as a restoration tool
following invasion (Cipollini 2002; Kulmatiski and Beard 2005).
Garlic mustard (Alliaria petiolata) is a Eurasian biennial that has spread rapidly in
forests in southern Canada and 36 states in the U.S. (Cavers et al. 1979; Nuzzo 2000;
Welk et al. 2002; USDA 2008). This species forms dense, monotypic stands within
forest edges, floodplains, undisturbed understories and even old-growth forests (Nuzzo
1993; Nuzzo 1999; Stinson et al. 2006; Weber and Gibson 2007), reducing growth,
abundance and diversity of native species (McCarthy 1997; Stinson et al. 2006; Stinson et
al. 2007).
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Evidence for the role of allelopathic chemicals in garlic mustard’s competitive
ability is contradictory or inconclusive. One early study found extracts from garlic
mustard did not affect seeds or seedlings of radish, winter rye, hairy vetch and lettuce
(McCarthy and Hanson 1998). However, several phytotoxic chemicals such as
glycosides, phenolic acids, cyanide, and glucosinolates were isolated from leaf, stem and
root extracts of garlic mustard (Vaughn and Berhow 1999; Cipollini 2002; Cipollini et al.
2005; Cipollini and Gruner 2007). A short-term competition study by Meekins and
McCarthy (1999) showed that garlic mustard reduced growth of Chestnut oak (Quercus
prinus) seedlings, yet was outcompeted by boxelder (Acer negundo) and spotted
jewelweed (Impatiens capensis). Removal of garlic mustard increased native diversity
in invaded areas (McCarthy 1997; Stinson et al. 2007), suggesting its ability to suppress
native recruitment. Growth suppression may be due to competition, allelopathy or both.
Prati and Bossdorf (2004) found that garlic mustard contaminated substrate had a greater
allelopathic influence on a North American species than on a European congener,
supporting the ‘novel weapons’ hypothesis (Callaway and Aschehoug 2000). Garlic
mustard was later shown to reduce growth of mycorrhizal tree seedlings such as red
maple and white ash (Stinson et al. 2006) as well as suppress North American arbuscular
mycorrhizal fungi (AMF) more than European AMF (Callaway et al. 2008) and
ectomycorrhizal fungi (Wolfe et al. 2008). Suppression of fungal mutualists by garlic
mustard may have community level impacts in eastern deciduous forests.
American ginseng (Panax quinquefolius L.) is a culturally significant and
economically important native medicinal plant found throughout the eastern deciduous
forest (Bailey 1999; Robbins 2000; McGraw et al. 2003). Like many other understory
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species, American ginseng forms vesicular arbuscular mycorrhizal associations (VAM)
(Seo and Anderson 1990). Concern over the sustainability of harvesting American
ginseng spurred its listing under Appendix II of CITES (Convention on International
Trade in Endangered Species of Wild Fauna and Flora). Poor harvest practices (Van der
Voort and McGraw 2006), deer browse (McGraw and Furedi 2005), inbreeding and
reduced genetic diversity within small populations (Cruse-Sanders and Hamrick 2004,
Mooney and McGraw 2007) are all factors that may cause decline of ginseng
populations. Recently, high levels of invasive plant species, including garlic mustard,
have been documented within natural ginseng populations (Wixted and McGraw 2008).
Garlic mustard was found in 5 of 30 natural populations, with 7.1% of the 4,291 censused
ginseng plants having garlic mustard within a 2 m proximity (Wixted and McGraw
2008). Therefore, the objectives of this research were to examine the following
questions: 1) Is there evidence for a competitive and/or allelopathic effect of an invasive
non-native competitor (garlic mustard) on ginseng seedling survival and growth? 2) Is
there evidence for a competitive and/or allelopathic effect of a native competitor (striped
violet) on ginseng seedling survival and growth? 3) Is there a differential allelopathic
effect of a native and invasive competitor on ginseng seedling survival and growth? Our
experiment was designed to answer these questions in a natural field setting to observe
how ginseng seedlings, the most vulnerable stage of ginseng growth, could be affected by
one generation of garlic mustard (i.e., over two years).
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METHODS
Site characteristics
The study site was located on a northeast-facing slope at ca. 580 m elevation in
northern West Virginia. Precise coordinates are withheld for conservation reasons. The
soils were appropriate for ginseng since a natural population was found there in a 60-80
yr old mixed mesophytic, second growth forest dominated by tulip poplar (Liriodendron
tulipifera) and black cherry (Prunus serotina) with spicebush (Lindera benzoin) in the
understory. The main soil type in the study area was Dekalb stony loam characterized as
moderately deep and excessively drained sandstone soils (Soil Survey Staff 2008). The
site lacked garlic mustard invasion, although invasions were known from sites nearby (<
2 km away).
Study Species
Garlic mustard is a biennial that has seeds which germinate in early spring, and
seedlings remain in an evergreen basal rosette during the first year of growth (Cavers et
al. 1979). During the second year of growth, rosettes rapidly bolt, growing ca. 2cm/day
between mid-April and mid-May (Anderson et al. 1996). The flowers begin anthesis in
early spring (Cavers et al. 1979). From July through October, seeds are passively
dispersed and plants senesce. Garlic mustard is self-pollinating, exhibits high rates of
seed production (Cavers et al 1979; Anderson et al. 1996) and can thrive in a variety of
conditions, all traits contributing to its success.
Striped violet (Viola striata) was chosen as a potential native competitor for
ginseng due to the similarity of its leaf shape and size to that of garlic mustard rosettes as
well as its abundance within natural ginseng populations (Wixted, pers obs. 2006).
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Striped violet is a perennial understory species found throughout mesic, deciduous forests
within the eastern United States (USDA 2008; Strausbaugh and Core 1978). It produces
chasmogamous and cleistogamous flowers from April-June, and seeds germinate the
following spring (Strausbaugh and Core 1978).
American ginseng is a long-lived perennial herb with a thick taproot attached to a
rhizome (Charron and Gagnon 1991). Ginseng seeds germinate following a 19 mo (or
more) dormancy period and begin growth in late April to early May (Hackney and
McGraw 2001). The 1 leaf seedling phase lasts ca. 1 – 5 years. After sufficient root
growth, a second leaf will appear to produce a juvenile plant, which may or may not
produce flowers (Lewis and Zenger 1982; Charron and Gagnon 1991). Generally,
ginseng plants produce a third or fourth leaf within 5-10 y, although plants can be highly
variable in maturation rate (Anderson et al. 1993). Most adult ginseng plants flower, but
fruit and seed production are sporadic, increasing as plant size increases (Shahi 2007).
Experimental Design
In late April 2006, two weeks prior to transplanting, stratified, wild-simulated
New York ginseng seeds were germinated in a greenhouse in native soil from the study
area. Garlic mustard and striped violet seedlings were collected from a local site in
Morgantown, WV and acclimated to the greenhouse.
A 50 m x 50 m plot was set up in the study area and competition “arenas” (10 cm
deep x 15 cm diameter plastic pipe) were buried throughout the original grid at random
locations, avoiding only dense fern patches and excessively rocky microsites. Arenas
were used to limit root competition from species other than the treatment plant as well as
to standardize the amount of soil used for the treatments. Six treatments were set up with
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50 replicates of each: (1) ginseng alone, (2) ginseng with striped violet or (3) ginseng
with garlic mustard, planted in either (a) mixed native soil or (b) mixed native soil
amended with GRO-SAFE activated carbon (NORIT Americas Inc.). Treatments with
activated carbon (AC) were used to remove potential allelopathic influences thereby
partitioning these effects from those of resource competition. Activated carbon was
added at a rate of 11.3g/ kg of dried soil, a method and amount similar to a field study in
eastern deciduous forests by Rich (2004). Rich’s (2004) study examined a dose-response
for 3 herbaceous perennial species to determine the amount of AC to add to field soils.
The AC concentration, furthermore, was similar to amounts used in studies by Callaway
and Aschehoug (2000) and Prati and Bossdorf (2004). Since addition of AC requires
substantial disturbance to mix and sieve soil, unamended, native soil was also mixed and
sieved. An earlier study by Prati and Bossdorf (2004) found that AC addition did not
affect garlic mustard growth or reproduction.
Ginseng seedlings were placed in randomly assigned treatments at the beginning
of May 2006 and each arena was given a unique ID. Seedlings that senesced within the
first week were replaced because we assumed they died from transplanting stress. Every
two weeks throughout the growing season, plants other than the transplants were
removed. Deer and other large herbivores were excluded from the experiment with wire
mesh cages to ensure adequate sample size, and leaf litter from the site was added to the
arenas to prevent unnatural soil drying. To prevent garlic mustard invasion at the study
site, siliques were removed prior to dispersal in late June 2007 and dried to allow
calculation of total competitor biomass. Garlic mustard plants were harvested at the start
of senescence in mid-July 2007 to determine total biomass. At the conclusion of the
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experiment in late August 2007, striped violet was harvested with ginseng seedlings prior
to violet senescence. Total biomass of competitors was examined to determine whether
AC would alter the size of competitors, thus interacting in an unanticipated manner with
the dependent variable—presence of a competitor.
Dependent variables
In June 2006 and 2007, after full leaf expansion, leaf area was determined by
acquiring digital images of individual ginseng leaves silhouetted against a solid white
background with a ruler in the field of view. Shadows were removed in Adobe Photoshop
v.7.0 as needed. Leaf area was then quantified using NIH ImageJ v.1.37 (Rasband 2005).
Relative growth rate on a leaf area basis (RGRLA) for ginseng was then calculated using
equation 1 (McGraw and Garbutt 1990).
Equation 1: RGRLA= ln (leaf area 2007)—ln (leaf area 2006)
In addition, the number of leaves on each ginseng seedling was also counted in 2007 (the
number was always 1 at the end of 2006).
Survival of ginseng seedlings and competitors was recorded at the end of August
in 2006 and 2007. At the conclusion of the second growing season, in August 2007, all
remaining ginseng and striped violet plants were harvested. If ginseng shoot tissue was
not present, then the arena was searched for a viable root with the apical bud still present.
After harvest, root tissue of all plants was thoroughly rinsed to remove soil. Ginseng
seedlings were separated into root and shoot portions. The length of each portion was
then measured before drying at 650 C for 48 hr. The root to shoot ratio was also
calculated to test for biomass allocation differences among treatments. Any ginseng
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Figure 3.1: Three two-way factorial permutations of the six treatments examining a)
differential effects of violet presence with and without activated carbon (AC), b)
differential effects of garlic mustard presence with and without AC, and c) differential
effects of the native striped violet and the invasive garlic mustard as a function of AC
treatment.
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seedlings which lacked shoot tissue at the conclusion of the experiment were excluded
from root length, root mass, root:shoot ratio and total biomass analyses.
Data analysis
The experimental design permitted several analyses. In the first two analyses, the
data were analyzed as two 2-way factorials, separately for the two competitor species,
with competitor presence and AC treatment as main effects (Fig. 3.1a, b). These analyses
were used to determine if there was a competitive (competitor main effect) or
allelopathic effect (competitor x AC interaction) of either competitor. In the third
analysis, only the competition treatments were examined with AC and competitor species
as the main effects. The third set of analyses was used to determine the relative effect of
the native or invasive competitor on ginseng seedling survival and growth in the presence
or absence of AC (Fig. 3.1c). Log-likelihood tests were used to analyze seedling
survival and leaf size fate (one vs. two leaves in 2007), and ginseng size and growth
variables were analyzed using a two-way ANOVA. Biomass of the competitor was also
analyzed using a two-way ANOVA with competitor identity and AC as the main effects.
Finally, ANCOVAs were used for the violet, garlic mustard and the combined
competition treatments to determine whether the effect of competitor size (continuous) on
ginseng biomass varied depending on AC treatment (nominal). Data were log
transformed if residuals failed meet the assumption of normality. A Tukey-Kramer HSD
post hoc test was used after ANOVAs to compare means among levels for significant
model effects.
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Figure 3.2: (a) Effect of striped violet presence on ginseng seedling mortality in 2007
and (b) differential effect of garlic mustard on ginseng seedling mortality (2007)
depending on AC treatment after two growing seasons.
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RESULTS
Native competitor effect on ginseng seedlings
In the first growing season (2006), ginseng mortality was not significantly
affected by the presence of AC or the addition of striped violet (analyses of the subset of
treatments in Fig. 3.1a). However, by the end of the second season (2007), ginseng
seedling mortality was higher in striped violet treatments with or without AC in the soil
(competitor main effect; L-R 2=23.17, p<0.0001; Fig. 3.2a). The frequency of ginseng
seedlings progressing from the one leaf to the two leaf stage in 2007 was significantly
higher in AC treatments (AC main effect; L-R 2=7.60, p=0.0058), and there was a
tendency for ginseng leaf number to increase more in the absence of striped violet
(competitor * AC interaction; L-R 2=2.81, p=0.0931). The addition of striped violet did
not significantly affect ginseng growth variables in the surviving ginseng seedlings
(Table 3.1). AC positively affected ginseng root length (25 %), shoot mass (45 %), root
mass (39 %), total biomass (36 %) and the relative growth rate of leaf area (67 %) for
ginseng seedlings whether violet competitors were present or not (AC main effect; Tables
3.1, 3.2). The root: shoot ratio also was not significantly affected by AC or striped violet
presence (Table 3.1). In the absence of AC, striped violet suppressed ginseng shoot
length, but this effect was not observed in the presence of AC (competitor * AC
interaction; F=8.70, p=0.0040; Fig. 3.3).
Invasive competitor effect on ginseng seedlings
In analyzing the effects of the invasive garlic mustard (Fig. 3.1b), we found that
ginseng mortality was not significantly affected by AC or garlic mustard in 2006.
However, in 2007, seedling mortality was 2.5 times higher in garlic mustard treatments
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Table 3.1: ANOVA summary table; significant values (p<0.05) are bolded while
italicized values depict a trend (0.05<p<0.10). All dependent variables except the relative
growth rate of leaf area were log transformed.

Striped
Violet

Garlic
Mustard

Competitor

Effect

Shoot
Length

Root
Length

Shoot
Mass

Root
Mass

Total
Biomass

RGRLA

p=0.4003

Root:
Shoot
Ratio
p=0.2937

Competitor
(+/-)

p=0.3591

p=0.5699

p=0.5393

p=0.4293

p=0.2721

AC
(+/-)

p=0.0051

p=0.0019

p=0.0012

p=0.0086

p=0.1125

p=0.0127

p=0.0074

Competitor
x AC
Competitor
(+/-)

p=0.0040

p=0.9449

p=0.1284

p=0.1235

p=0.7085

p=0.1091

p=0.2933

p=0.9906

p=0.3766

p=0.1046

p=0.1529

p=0.5749

p=0.1327

p=0.2321

AC
(+/-)

p=0.3975

p=0.0296

p=0.1498

p=0.2021

p=0.4381

p=0.1510

p=0.0258

Competitor
x AC
Competitor
ID

p=0.3508

p=0.4042

p=0.8392

p=0.9254

p=0.3004

p=0.9821

p=0.3792

p=0. 9575

p=0.7938

p=0.4264

p=0.6925

p=0.7659

p=0.5884

p=0.2321

AC
(+/-)

p=0.0040

p=0.1181

p=0.0056

p=0.0380

p=0.7407

p=0.0192

p=0.0258

Competitor
ID x AC

p=0.0369

p=0.5701

p=0.0859

p=0.2676

p=0.3814

p=0.1935

p=0.5400
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Table 3.2: Summary table of backtransformed least-squared means and 95% confidence
limits for dependent variables for ginseng with a significant AC effect.
Study
Component

Dependent Variable
Root Length (cm)

Striped Violet
Effect
(Fig. 3.1a)

Shoot Mass (g)
Root Mass (g)
Total Biomass (g)
RGRLA

Garlic Mustard
Effect
(Fig. 3.1b)

Root Length (cm)
RGRLA
Root Mass (g)

Competitor Identity
(Fig. 3.1c)

Total Biomass (g)
RGRLA

-AC

+AC

9.006

11.2425

(8.1451, 9.9580)
0.0519
(0.0441, 0.0645)
0.0947
(0.0792, 0.1132)
0.1378
(0.1159, 0.1639)
0.5164
(0.3387, 0.6940)
9.3924
(8.3822, 10.5243)
0.4985
(0.3249, 0.6940)
0.1123
(0.0882, 0.1429)
0.1572
(0.1244, 0.1988)
0.5885
(0.3909, 0.7851)

(10.2052, 12.3852)
0.0750
(0.0645, 0.0870)
0.1319
(0.1110, 0.0871)
0.1875
(0.1578, 0.2226)
0.8637
(0.6807, 1.047)
11.0685
(10.0467, 12.1941)
0.7454
(0.5911, 0.8996)
0.1524
(0.1258, 0.1847)
0.2252
(0.1854, 0.2735)
0.8830
(0.7095, 1.056)
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Change
25 %
45 %
39 %
36 %
67 %
18 %
50 %
36 %
43 %
50 %

Figure 3.3 Differential effect of striped violet on mean shoot length (cm) depended on
AC treatment.

50

with or without AC in the soil (competitor main effect; F=23.13, p<0.0001), an effect
comparable to that seen with native violet. In 2007, there was also a trend suggesting a
greater effect of garlic mustard on ginseng mortality in the absence of AC (competitor *
AC interaction; L-R 2= 2.91, p=0.0859; Fig. 3.2b). There was also a tendency for
ginseng leaf number to increase in the absence of garlic mustard regardless of AC
presence (garlic mustard main effect; L-R 2=2.72, p=0.0988). Shoot length, shoot mass,
root mass, total biomass and root:shoot ratio of ginseng were not significantly affected by
AC, garlic mustard, or by non-additive effects of the two (Table 3.1). However, as
before, there was an increase in ginseng root length (18 %) and the relative growth rate of
leaf area (50 %) in the presence of AC (Table 3.1,3.2). Moreover, there was no
dependency of this AC effect on presence of garlic mustard.
Competition Treatments
When analyzing only the competition treatments (Fig. 3.1c), we see similar trends
in the data. In 2006 and 2007, ginseng mortality was not significantly affected by the
competitor’s identity or presence of AC. However, there was a trend for ginseng leaf
number to increase in the presence of AC regardless of competitor identity (AC main
effect; L-R 2=2.95, p=0.0857). The two competitor species were very similar in their
effects on ginseng growth variables (Table 3.1). Root length and root:shoot ratio were
not significantly affected by AC presence or the competitor identity (Table 3.1).
Nevertheless, as in the other analyses, AC stimulated ginseng root mass (36 %), total
biomass (43 %) and the relative growth rate of leaves (50 %) regardless of competitor
identity (AC main effect; Table 3.1, 3.2). The effect of AC on ginseng shoot length
differed for the two species (competitor * AC interaction; F=4.41, p=0.0390); there was
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Figure 3.4: (a) Differential effect of competitor species on mean shoot length (cm) in
ginseng seedlings after two growing seasons depending on AC treatment; means with the
same letter are not significantly different using the Tukey-Kramer HSD a posteriori test,
and (b) effect of activated carbon presence and competitor identity on mean shoot mass
in ginseng seedlings after two growing seasons (0.05<p<0.10); no post hoc test was
performed since the interactive effect was only a trend.
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Figure 3.5: (a) Competitor biomass after two growing seasons and (b) effect of AC
treatment on biomass of the competitor after two growing seasons
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no effect of AC when the competitor was garlic mustard, but AC addition enhanced shoot
length when ginseng competed with violet (Fig. 3.4a). The same pattern was observed
for shoot mass (competitor * AC interaction; F=3.03, p=0.0859; Fig. 3.4b).
The biomass of garlic mustard was significantly higher than that of striped violet,
regardless of AC presence or absence (Species effect; F=29.93, p=0.0001; Fig. 3.5a).
There was also a trend suggesting AC treatment stimulated competitor biomass (AC main
effect; F=2.80, p=0.0985; Fig. 3.5b).
In the striped violet treatments, ginseng biomass was not significantly affected by
AC or variation in striped violet biomass (p>0.05 for all model effects). However, within
the garlic mustard treatments, ginseng biomass increased as garlic mustard biomass
increased (competitor biomass effect; F=15.36, p=0.0050). This effect did not depend on
carbon treatment (competitor biomass * AC; p>0.05). When examining the competition
treatments, ginseng biomass was found to increase as competitor biomass increased
(competitor biomass effect; F=8.71, p=0.0045), yet this effect did not depend on carbon
treatment or competitor identity (competitor biomass * AC interaction; p>0.05).
DISCUSSION
In the presence of a competitor, ginseng seedling mortality increased, and this
effect was comparable in magnitude for the native and invasive competitor. However,
within garlic mustard treatments there was a tendency for this mortality effect of garlic
mustard to be less in the presence of activated carbon. While reduced resource
availability likely increased ginseng seedling mortality within competition treatments, the
differential response of ginseng to carbon treatment in the presence of garlic mustard is
consistent with an allelopathic effect as well. Ginseng survival was 21% higher in garlic
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mustard treatments that contained AC in the soils than in soil without AC. As with most
plants, the early establishment phase of seedlings is critical. An increase in seedling
mortality may be particularly important for future recruitment within invaded ginseng
populations.
The effect of striped violet on ginseng shoot length depended on AC treatment
with ginseng shoot length significantly increasing in striped violet treatments with AC.
This differential response may be explained by two possible causes: allelopathy or
resource competition. Until the work by Lau et al. (2008) and our results showing
positive effects of activated carbon, we would have concluded that the native striped
violet was allelopathic despite its tendency to co-occur with American ginseng.
However, AC may have altered the degree of competition for nutrients. Competition
with neighbors has been well documented to affect survival and growth (Aarssen and Epp
1990), and plants with similar niches may be stronger competitors (Goldberg and Werner
1983). Striped violet and ginseng may have been strong competitors which may be the
reason why stems of ginseng seedlings were longer, even as the competitor biomass
increased in carbon treatments. Furthermore, if AC altered limiting soil nutrients, then the
competitive effect of violet through resource depletion may have been reduced as well.
The lack of allelopathic effects of garlic mustard on ginseng seedling growth may
be due to a variety of factors. Our study simulated a newly invaded area with a low
density of garlic mustard. However, earlier studies have found that garlic mustard grows
better in previously invaded sites (Klironomos 2002). In addition, increased N and P
availability, soil pH and base cation availability were associated with field populations of
garlic mustard (Rodgers et al. 2008). These nutrient effects could be cumulative over
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time, creating a beneficial feedback for garlic mustard but not for native species. In
addition, Vaughn and Berhow (1999) found that glucosinolate concentrations in garlic
mustard were highest in the fall, potentially indicating that decomposition of garlic
mustard would produce the most inhibitory effect. In our study, we removed garlic
mustard before it had a chance to decompose in order to measure its biomass.
Furthermore, garlic mustard seeds have been found to contain high levels of sinigrin, a
phytotoxic glycoside (Larsen et al. 1983). It is possible that the combined effects of
compounds leaching from seeds and adult decomposition alter soils over time to benefit
further invasion and prevent native growth. Additionally, while garlic mustard has been
found to allelopathically reduce growth in species like Geum laciniatum (Prati and
Bossdorf 2004), such effects may be species specific (Meekins and McCarthy 1999).
The lack of competitive effects of garlic mustard on ginseng seedling growth is
also interesting. Overall, garlic mustard was a large competitor that many times grew
taller than and shaded the ginseng seedlings. Meekins and McCarthy (1999) found
species’ specific effects of garlic mustard rosettes on native plants such as chestnut oak
(Quercus prinus), box elder (Acer negundo) and spotted jewelweed (Impatiens capensis).
In that study, garlic mustard was outcompeted by the latter two species; however, garlic
mustard was able to reduce the growth of chestnut oak (Meekins and McCarthy 1999).
The researchers attributed chestnut oak’s reduced biomass in the presence of garlic
mustard to light competition. However, ginseng is a shade-obligate species and growth
was not significantly affected by resource competition from garlic mustard in our study.
The presence of activated carbon in the soil affected several ginseng growth
variables, regardless of competitor presence or identity. The recent study by Lau et al.
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(2008) found that addition of activated carbon in unfertilized soils significantly increased
pH, phosphorus, potassium and iron concentrations in soil leachates, whereas calcium
and magnesium decreased. While the study by Lau et al. (2008) was conducted over a
single week, it showed immediate effects of activated carbon that could persist over a
longer time frame. Lau et al. (2008) also conducted three growth experiments in which
they added activated carbon to potting media and found that in most herbaceous species,
activated carbon presence increased biomass. The increase in biomass was attributed to
changes in nutrient availability. A similar phenomenon may have been responsible for
increased ginseng growth in AC treatments in our study.
In addition to activated carbon’s effects on soil nutrients, two other factors may
explain our results. First, inhibitory organic compounds already found in the soil at the
study area and our treatment design may have resulted in enhanced growth as activated
carbon removed the compounds from the rhizosphere. Bracken and interrupted ferns
existed in parts of the study area, and caution was taken to avoid planting treatments
directly in fern patches since previous studies have demonstrated allelopathy in ferns
(Stewart 1974: Hanson and Dixon 1986). However, by the end of the second year, some
ferns had encroached near treatments. Second, our treatments also required mixing of the
soils as well as removal of other herbaceous species which created more control over our
experimental design but deviated from natural conditions. For example, Booth et al.
(2006) found that mixed soil cores had higher mineralization and NH4+ assimilation,
while NO3- consumption declined.
Overall, our results do show a surprising effect of activated carbon on both
ginseng and biomass of the competitor species. These results reaffirm the need for a
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better understanding of how activated carbon alters soil nutrients, especially over time.
Our results from this field study parallel greenhouse experiments conducted by Lau et al.
(2008) which suggest that activated carbon treatments may confound test species’ growth
and bias allelopathy assumptions. Ginseng mortality increased with the addition of a
competitor, and trends in the data suggest that ginseng survival in the presence of garlic
mustard depended on carbon treatment, suggestive of allelopathy. The lack of
competitive effects of either competitor on ginseng growth may indicate ginseng seedling
resilience to low levels of competition; however, reduced recruitment of ginseng
seedlings via increased mortality may be sufficient to significantly lower population
growth rates in invaded populations.
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CHAPTER IV:
EFFECTS OF GARLIC MUSTARD (ALLIARIA PETIOLATA) DENSITY AND LEAF LITTER ADDITION
ON AMERICAN GINSENG (PANAX QUINQUEFOLIUS) GROWTH AND REPRODUCTION
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ABSTRACT
As the invasive garlic mustard (Alliaria petiolata) colonizes new areas, there is a need to
understand how this species may interact with native species. Accordingly, we examined
growth and reproduction of a valuable understory herb, American ginseng (Panax
quinquefolius L.), under manipulated densities of garlic mustard. Furthermore, we
examined how addition of garlic mustard leaf litter may affect ginseng growth and
reproduction. Despite extreme garlic mustard treatments, we found no significant effect
of garlic mustard density or leaf litter addition on ginseng growth variables. However,
two reproductive variables, the proportion of flower buds which developed into berries as
well as the number of seeds per flower bud tended to decrease as weight of garlic mustard
leaf litter increased. This finding shows that under higher densities of garlic mustard,
ginseng seed production may decline, ultimately affecting fecundity.
Keywords: American ginseng, Panax quinquefolius, Alliaria petiolata, garlic mustard,
invasive species, density
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INTRODUCTION
Density effects on terrestrial plant populations have been well studied
(Antonovics and Levin 1980; Thomas and Weiner 1989; Weiner 1990). Higher plant
densities can have several effects, including increased mortality or decreased growth and
reproduction per plant (Palmblad 1968; Ford 1975). However, few studies have
examined the effect of invasive plant density on native plant survival and growth. As
invasive species colonize new areas, early population densities can vary extensively,
creating a need to understand how those changes may affect native species. In many
cases, invasive species can alter soil attributes which create environments suitable for
higher densities of invasives through positive feedbacks (Klironomos 2002; Rodgers et
al. 2008).
Currently, garlic mustard (Alliaria petiolata) is invading the eastern North
American forests at an alarming rate (Nuzzo 1993), and garlic mustard can colonize in
the absence of disturbance. Garlic mustard is a non-mycorrhizal biennial which shows
high phenotypic plasticity (Byers and Quinn 1998) allowing it to survive in a variety of
habitats from forest edges and floodplains to undisturbed understories and old-growth
forests (Nuzzo 1993; Nuzzo 1999; Stinson et al. 2006; Weber and Gibson 2007). Its
rapid growth (Cavers et al. 1979) and ability to produce large numbers of small, dormant
seeds (Trimbur 1973, Baskin and Baskin 1992) allow garlic mustard stands to proliferate.
In contrast to the invasive garlic mustard, American ginseng is an important
mycorrhizal, herbaceous species found throughout the eastern United States (Seo and
Anderson 1990; Bailey 1999; Robbins 2000; McGraw et al. 2003). Ginseng is a long-
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lived perennial species that is widely harvested for its valuable root; however its
populations are currently threatened by deer browsing (McGraw and Furedi 2005), poor
harvest practices (Van der Voort and McGraw 2006) and inbreeding along with reduced
genetic diversity (Cruse-Sanders and Hamrick 2004, Mooney and McGraw 2007).
Wixted and McGraw (2008) found garlic mustard invasion in 5 of 30 natural ginseng
populations with as many as 7.1% of the 4,279 ginseng plants monitored having garlic
mustard within a 2 m radius. The effects of garlic mustard density on ginseng, however,
are unknown.
Currently, resource competition and allelopathy are believed to be essential for
garlic mustard’s success (Meekins and McCarthy 1999; Vaughn and Berhow 1999; Prati
and Bossdorf 2004; Stinson et al. 2006). Several secondary compounds have been
isolated from garlic mustard tissues including glucosinolates and cyanide (Vaughn and
Berhow 1999; Cipollini and Gruner 2007). Glucosinolate degradation in the soil has
been found to release isothiocyanates and nitrile (Brown et al. 1994), and certain forms of
isothiocyanates have been found to inhibit germination of mycorrhizal fungi (Shreiner
and Koide 1993a,b). This degradation product may be the reason why soils previously
invaded by garlic mustard contain significantly less mycorrhizal fungi (Stinson et al.
2006). Furthermore, garlic mustard has been found to alter soil nutrients (Rodgers et al.
2008), creating a positive feedback for the invasive (Klironomos 2002). Changes in both
mutualistic symbioses and nutrients could have community-level impacts, especially
within deciduous forests in the United States whose species rely heavily on mycorrhizal
associations (Smith and Read 1997).
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A recent study found that garlic mustard did not competitively or allelopathically
affect ginseng seedling growth, though there was evidence that garlic mustard
allelopathically increased ginseng mortality (Wixted and McGraw, unpublished data).
The previous experiment, however, tested a single, low density of garlic mustard on
ginseng seedlings and did not allow the garlic mustard to decompose on the site. Given
that degradation of glucosinolates produces phytotoxic chemicals, degradation of garlic
mustard leaf litter may play a role in its success as an invader. Furthermore, Stinson et al.
(2007) found a negative correlation between diversity of native plant species and
abundance of garlic mustard, suggesting density dependent effects.
Due to garlic mustard’s presence within natural ginseng populations (Wixted and
McGraw 2008) and the lack of information on how it may affect those populations, our
research sought to examine how density and addition of garlic mustard leaf litter may
affect ginseng. The objectives of this study were to examine the following questions: 1)
Is there evidence for a density effect of garlic mustard on adult ginseng survival, growth
and reproduction? 2) Is there evidence for an effect of garlic mustard leaf litter addition
on adult ginseng survival, growth and reproduction?
METHODS
I. Effects of garlic mustard density
In October 2007, 3-5yr old ginseng rootlets were obtained from a local grower,
and fresh root mass was recorded as an initial size covariate. All roots then were
transplanted to a field location near Morgantown, WV. The site contained a mixedmesophytic canopy and a natural population of ginseng. Four 20 m2 blocks were set up
within the study area, and 60 plants (3 density treatments x 20 replicates/treatment) were
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randomly placed in each block for a total of 240 plants. Treatments had either 0, 2 or 4
garlic mustard rosettes planted within 6 cm of each ginseng rootlet. First year garlic
mustard rosettes were collected on site, but no garlic mustard was found within the
experimental blocks during setup. Due to high rates of garlic mustard mortality during
transplanting, garlic mustard seedlings were transplanted 2 weeks prior to ginseng
rootlets. Any garlic mustard seedlings that died within the first week were replaced
immediately, and plots were monitored every day the following week to ensure garlic
mustard survival before ginseng roots were transplanted. Each ginseng plant was given a
unique ID and cryptically tagged with an engraved aluminum nail. At the start of the
experiment and every 2 weeks during the growing season (late April-late August),
herbaceous plants were removed within a 0.30 m radius of each study plant to prevent
potential confounding competitive influences.
In late April 2008, wire-mesh cages were placed over emerging ginseng to
exclude large herbivores such as white-tailed deer. Garlic mustard survival was recorded
at the beginning of May. Upon full expansion of ginseng leaves in early June, leaf area
data were collected using a non-destructive method. In this process, digital images of
ginseng leaves were taken and processed in ImageJ v.1.37 (Rasband 2005). Shadows
were removed from images, as needed, using Adobe Photoshop v.7.0. Also in early June,
data on the number of buds for all reproductive ginseng were collected. At this time,
height and leaf number for each garlic mustard treatment were combined and recorded.
In early August, data on the number of berries and seeds were collected for reproductive
ginseng. The proportion of buds that became berries and the proportion of buds which
became seeds were calculated as reproductive fitness components.
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At the end of August 2008, all remaining ginseng plants were harvested. If shoot
tissue was not present for ginseng, the area was searched for any roots still present.
Ginseng rhizomes which still contained an intact apical bud were considered viable while
those without an apical bud were not. Plants lacking shoots at the end of the growing
season were excluded from growth analyses. An infection symptomatic of
Cylindrocarpon spp. was discovered at this time, so any pieces of remaining ginseng
roots were also collected and taken back to the lab. This infection is characterized by a
‘rusty’ root appearance and eventual root rotting. Many times, foliage remained until
later stages of infection.
At the lab, ginseng roots were thoroughly washed to remove excess soil particles
and fresh mass was recorded. At this time, roots were classified as uninfected or having
either a “low”, “medium” or “high” level of infection. Roots which had rusted spots
were considered to have “low” infection, while presence of rotted lateral roots was
classified as a “medium” infection and rotted taproots were classified as a “high” level of
infection. Reproductive structures (including the peduncle) were clipped from the shoot
and dried. Root length and shoot length were then recorded before each section was
dried. Roots, shoots and reproductive structures were then dried at 650 C for 48 hr then
weighed. The root:shoot ratio was also calculated to examine if there were allocation
differences among the treatments.
Data analysis
Survival was not analyzed due to uncertainty about whether ginseng plants died
due to treatment effects or infection. Due to low survival of garlic mustard over the
winter, the original density of garlic mustard placed around the ginseng differed from the
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number which survived until spring. Treatments originally without garlic mustard and
those lacking garlic mustard in the spring due to unexpected mortality were not
significantly different for ginseng growth variables (p>0.05). Therefore, the density of
garlic mustard in the spring was used as a main effect in the analysis instead of the
original treatment. Total leaf number and height of garlic mustard were found to be
positively related (p<0.05), so total leaf number was used as a size covariate for garlic
mustard treatments. Ginseng root mass (2007) was found to be positively related to
ginseng growth variables and was subsequently used as a covariate for initial size
(p<0.05). Due to extensive root damage, ginseng plants with “medium” and “high”
infections were excluded from growth and reproductive analyses. Uninfected ginseng
plants and those with a “low” infection were not found to be significantly different for
ginseng growth and reproductive variables (p>0.05) and were pooled for analysis. The
proportion of buds which became berries as well as the proportion of buds which became
seeds could not be calculated due to low sample size.
Two main analyses were performed, one examining all treatments and another
examining just garlic mustard treatments. For all treatments, an ANCOVA was used
with ginseng root mass (2007) as a covariate and block (nominal) and spring density
(continuous) of garlic mustard as the main effects. This analysis was used to examine
how density of garlic mustard may affect ginseng growth and reproduction. For the
treatments with garlic mustard in the spring, an ANCOVA also was used but with
ginseng root mass (2007) as a covariate and block and total number of leaves
(continuous) for garlic mustard as main effects. This analysis was used to account for
any size variation among garlic mustard treatments while also examining density effects
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on ginseng. In addition, log-likelihood tests were performed to examine if presence or
level of infection was related to treatment or garlic mustard size. For all treatments, a
log-likelihood analysis was performed with ginseng root mass (2007) as a covariate and
block and spring density of garlic mustard as main effects. Within garlic mustard
treatments, a log-likelihood analysis was also performed with ginseng root mass (2007)
as a covariate and block and garlic mustard size as main effects. If residuals failed to
meet the assumption of normality, data were log-transformed, and a Tukey-Kramer post
hoc test was used to compare means among levels for significant model effects.
II: Effects of garlic mustard decomposition
In October 2006, 3-5 yr old ginseng plants were obtained from a local grower,
weighed and transplanted to a field location approximately 15 km from Morgantown,
WV. The site contained a mixed-mesophytic canopy dominated by black cherry (Prunus
serotina) as well as an adjacent natural population of ginseng. Five 20 m2 blocks were
established throughout the site at least 50 m away from each other to serve as
microenvironments. Sixteen ginseng plants were randomly placed in each grid for a total
of 80 plants. Ginseng plants were cryptically tagged with engraved aluminum nails and
then acclimated to the site prior to application of garlic mustard treatments. Wire-mesh
cages were used to exclude large herbivores. The study area did not contain garlic
mustard, however invasions were present <2 km away.
In May 2008, whole garlic mustard adults were collected from the West Virginia
University Core Arboretum. Plants were brought to the lab, roots were thoroughly rinsed
to remove soil particles and then plants were separated into groups of four. All siliques
were removed to prevent invasion at the study site. Fresh mass of each group was then
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collected, and plants were placed in individually labeled bags. Each group of garlic
mustard then was placed in a circular fashion around one ginseng plant and left to
decompose. This treatment was designed to maximize the effect of garlic mustard
decomposition, simulating an area with a high density of garlic mustard plants.
Treatments consisted of ginseng only or ginseng plus decomposing garlic mustard. Two
treatments with 8 replicates/treatment block were randomly placed in each grid.
Ginseng leaf area data were collected after full leaf expansion in June 2008 using
the same method as the density study. The number of flower buds was counted on each
ginseng plant in late June. In early August, the number of berries and seeds were
counted. At the end of August, all ginseng plants were harvested. Roots were thoroughly
rinsed to remove any soil particles, and then root and shoot portions were separated.
Shoot and root lengths as well as fresh root mass were recorded. Reproductive structures
were removed. Plant sections were then dried in an oven at 650 C for 48 hr then
reweighed. The root:shoot ratio was calculated as well as the proportion of buds that
developed into berries and the number of seeds per bud. Relative growth rate of roots
(RGRRW) was then calculated using equation 1 (McGraw and Garbutt 1990).
Equation 1: RGRRW= ln (root mass 2008)—ln (root mass 2006)
2
Data Analysis
Leaf area (2008) was found to be positively related to ginseng growth variables
and was used as a covariate for analysis (p<0.05). Data were analyzed in two ways. In
the first analysis, all treatments were examined using an ANCOVA with block and garlic
mustard presence as the main effects and leaf area (2008) as a covariate. This analysis
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was used to determine if the presence of garlic mustard leaf litter had an effect on ginseng
growth and reproduction and if that effect depended on the microenvironment (block). In
the second analysis, we wanted to examine if the effect of garlic mustard depends on its
mass and the environment (block). In this analysis, only garlic mustard treatments were
examined with leaf area (2008) as a covariate and garlic mustard mass and block as main
effects. Growth and reproductive variables were analyzed with an ANCOVA while the
presence of flower buds was analyzed with a log-likelihood test. Survival was not
analyzed due to the lack of mortality. If residuals failed to meet the assumption of
normality, then data were log-transformed, and a Tukey-Kramer a posteriori test was
performed for significant effects.
RESULTS
I. Effects of garlic mustard density
In all treatments and within garlic mustard (GM) treatments, GM density and size
had no significant effect on any ginseng growth or reproductive values (p>0.05). In all
treatments, block had a significant effect on root length, shoot length, number of flower
buds and reproductive mass of ginseng (Table 4.1). Furthermore, block had a tendency
to affect leaf area of ginseng in all treatments (Table 4.1). Within GM treatments, block
had a significant effect on root length and number of flower buds of ginseng (Table 4.1).
In all treatments, block and GM density had no significant effect on presence or
level of infection (p>0.05). Additionally, within GM treatments, block and GM size had
no significant effect on presence or level of infection (p>0.05).
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Table 4.1: ANOVA summary table of block effects for growth variables and
reproductive variables for the density study; significant values (p<0.05) are bolded while
italicized values depict a trend (0.05<p<0.10). 1 denotes a log transformed variable.
Dependent Variable
All Treatments
Garlic Mustard
Treatments
Root Length (cm)
p=0.0015
p=0.0134
Shoot Length (cm)
p=0.0146
p=0.1476
Growth
Shoot Mass (g)
p=0.2399
p=0.7295
Variables
Total Biomass (g)1
p=0.6139
p=0.8576
Root:Shoot Ratio1
p=0.1306
p=0.5064
Leaf Area (cm2) 1
p=0.0693
p=0.1663
# of flower buds
p=0.0044
p=0.0033
Reproductive
# of berries
p=0.7454
p=0.9137
Variables
# of seeds
p=0.7830
p=0.9853
p=0.0064
p=0.2191
Reproductive Mass (g) 1
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Table 4.2: ANOVA summary table of block effects for growth variables and
reproductive variables for the leaf litter addition study; significant values (p<0.05) are
bolded while italicized values depict a trend (0.05<p<0.10). 1 denotes a log transformed
variable.

Growth
Variables

Reproductive
Variables

Dependent Variable

All Treatments

Root Length (cm)
Shoot Length (cm)
Root Mass (g) 1
Shoot Mass (g) 1
Total Biomass (g)
Root:Shoot Ratio1
RGRRW
# of flower buds
# of berries
# of seeds
Berries/flower bud
Seeds/flower bud
Reproductive Mass (g) 1

p=0.2995
p=0.8157
p=0.6374
p=0.0007
p=0.2405
p=0.0002
p=0.2951
p=0.4105
p=0.0329
p=0.0559
p<0.0001
p<0.0001
p<0.0001
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Garlic Mustard
Treatments
p=0.8877
p=0.5202
p=0.9730
p=0.0911
p=0.9576
p=0.0133
p=0.2870
p=0.0861
p=0.0380
p=0.0524
p=0.0279
p=0.0183
p=0.0531

Figure 4.1: (a) One-way regression showing relationship between mean berries/flower
bud for ginseng and initial mass of garlic mustard leaf litter and (b) relationship between
mean seeds/flower bud
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II. Effects of garlic mustard leaf litter addition
In all treatments and within GM treatments, ginseng growth was not significantly
affected by the presence of GM (p>0.05). However, in all treatments, block had a
significant effect on shoot mass and the root:shoot ratio (Table 4.2). Block also had a
significant effect on the root:shoot ratio as well as a trend to effect shoot mass within GM
treatments (Table 4.2).
In terms of reproductive characteristics, initial GM mass had no significant effect
on the total number of buds, the number of berries, the number of seeds and the
reproductive mass of ginseng plants (p>0.05). However, initial GM mass had a tendency
to decrease the proportion of flower buds that developed into berries (F=3.4333,
p=0.0768; Fig. 4.1a) and the number of seeds per bud (F=3.0116, p=0.0961; Fig. 4.1b).
In all treatments, block had a significant effect on the number of berries, the proportion of
flower buds that developed into berries, the number of seeds per bud as well as the
reproductive mass (Table 4.2). In all treatments, block also had a tendency to affect the
number of seeds (Table 4.2). Within GM treatments, there was a significant effect of
block on the number of berries as well as the proportion of buds which became berries
and seeds (Table 4.2). Within GM treatments, there was a trend for block to affect the
number of buds, the number of seeds and the reproductive mass (Table 4.2).
DISCUSSION
Overall, garlic mustard density and leaf litter addition had no effect on ginseng
growth variables. Adult ginseng plants have a thick taproot, and most of its growth in
2008 was very likely a function of growing conditions in the previous year. Our leaf
litter addition study was an attempt to introduce fairly extreme garlic mustard effects;
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however, ginseng plants were unresponsive to this treatment. In a previous competition
study by Meekins and McCarthy (1999), garlic mustard’s competitive effects were found
to be species-specific as chestnut oak (Quercus prinus) seedling biomass was 34.8%
lower in competition with garlic mustard than in monoculture. In contrast, seedling
biomass of spotted jewelweed (Impatiens capensis) and box elder (Acer negundo) were
significantly higher in competition with garlic mustard than in monoculture (Meekins and
McCarthy 1999). In addition, jack-in-the-pulpit (Arisaema triphyllim), sugar maple
(Acer saccharum), red maple (Acer rubrum) and white ash (Fraxinus americana) grew
significantly less in soils previously invaded by garlic mustard while wheat growth was
significantly higher (Stinson et al. 2006; Rodgers et al. 2008). The results from previous
garlic mustard studies in addition to our results indicate that native species’ growth in
garlic mustard invaded areas is variable.
Within the garlic mustard leaf litter addition treatments, two reproductive
variables were negatively influenced as mass of garlic mustard increased. Plants tend to
reduce reproductive investment, especially in times of stress (Grime 1979; Chiariello and
Gulmon 1991; Sun et al. 2004). Ginseng naturally exhibits a low reproductive potential
(Carpenter and Cottam 1982; Lewis and Zenger 1983; Charron and Gagnon 1991), and
recruitment within a population is dependent on seed production. Therefore, the negative
effect of garlic mustard on reproduction may have a large impact on fecundity of ginseng.
While the mechanism for reproductive suppression by garlic mustard leaf litter
addition is not known, allelopathy may be a cause. Vaughn and Berhow (1999) found
that glucosinolate concentrations in garlic mustard were highest in the fall following
flowering, indicating that senescence may produce the highest concentrations of
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allelochemicals. Decomposition of Brassica spp. glucosinolates in soils also can
breakdown into isothiocyanates which have pesticidal activities (Borek et al. 1994;
Brown et al. 1994; Shreiner and Koide 1993 a,b). It is possible that garlic mustard (also
in Brassicaceae) has a similar isothiocyanate release which may suppress beneficial soil
microbes such as mycorrhizal fungi.
Overall, while even extreme garlic mustard treatments had no effect on ginseng
growth, there was a tendency for garlic mustard to suppress berry and seed production.
This result could have negative implications for future ginseng recruitment in invaded
populations. Furthermore, it is possible that garlic mustard effects may be cumulative
over time as the invasive has the ability to alter the soil environment (Klinoromos 2002;
Stinson et al. 2006; Callaway et al. 2008; Rodgers et al. 2008).
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CHAPTER V
GENERAL CONCLUSIONS
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Invasive species have been well documented as biologically damaging to the
ecosystems they invade (Vitousek et al. 1987; Wilcove et al. 1998; Ehrenfeld and Scott
2001). Furthermore, native species’ recruitment and diversity has been found to be
reduced in invaded areas (McCarthy 1997; Thomson 2005; Stinson et al. 2007).
Documenting the presence of invasive plants within populations of native plants is one of
the first steps to managing invasion. However, until my research, no one had examined
the potential effects of invasive plant species on the economically valuable, native plant
species, American ginseng (Panax quinquefolius L.).
The objectives of my second chapter were to assess the level of exposure of
ginseng individuals and populations to invasive plant species and to examine what factors
may predict the presence of invasives in ginseng populations. Using a novel approach of
plant-centric sampling, I documented a high level of invasion among natural ginseng
populations in the core of its range. This method was unique in that it allowed us to
quantify what invasive plants were present in forest interiors from the point of view of a
native plant. The diversity of habitats that ginseng occupies (McGraw et al. 2003) as
well as its similar life history strategies to other forest understory herbs suggests that
other native species may experience comparable levels of exposure. For example, some
of the most common herbs within ginseng populations in Illinois included Smilacina
racemosa, Arisaema triphyllum, Sanicula marilandica, Phryma leptostacha,
Podophyllum peltatum, Circaea quadrisulcata, Sanguinaria canadensis, Galium
circaezans, Geranium maculatum and Osmorhiza claytonia (Anderson et al. 1993).
Factors such as past land-use history (Lundgren et al. 2004) and previous disturbance
may explain the high level of invasion. Multiflora rose (Rosa multiflora) and Japanese
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barberry (Berberis thunbergii) were the most prevalent invasive species near individual
ginseng and within populations. These species, in addition to bush honeysuckles
(Lonicera spp.), are bird and mammal dispersed, which may explain their presence in
forest interiors (Vellend 2002; Myers et al. 2004; Ehrenfeld 1997). Furthermore, larger
populations of ginseng and those which had been previously harvested were more likely
to contain invasive plants, two results which may be similar for other wild harvested
species. The abundance of invasive plants within ginseng populations and near this
important species implies that competitive interactions could have high economic and
ecological costs.
Given the high level of invasion among ginseng populations and individuals, I
then examined how the invasive garlic mustard (Alliaria petiolata) may affect ginseng
survival, growth and reproduction. When examining the competitive and allelopathic
effects of garlic mustard on ginseng seedlings, I found several significant results.
Activated carbon, a tool for allelopathy research, had a significant positive effect on
several ginseng growth variables, a finding similar to those reported by Lau et al. (2008).
The results from my study, as well as Lau et al. (2008), suggest that more research is
needed on how particular species may respond to carbon addition in soils as this factor
may alter soil nutrients. In addition, ginseng mortality increased with the presence of a
competitor; however, within garlic mustard treatments, there was a tendency for 20%
greater mortality in the absence of carbon. This effect was not seen within the native
striped violet treatments and was consistent with allelopathic effects. Therefore, garlic
mustard may limit ginseng recruitment, an effect which could have consequences within
invaded populations. In terms of growth, ginseng was not significantly affected by garlic
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mustard competition or allelopathy. Past studies have found that different species have
different responses to garlic mustard competition (Meekins and McCarthy 1999; Prati
and Bossdorf 2004; Stinson et al. 2006; Rodgers et al. 2008). In our study, ginseng
seedlings were resilient to low levels of competition; however, seedling survival may be
limited in invaded populations.
While ginseng at the seedling stage are most susceptible to mortality, I was also
interested in how adult plants would be affected by garlic mustard. Therefore, the
objectives of my fourth chapter were to investigate how density of garlic mustard and
addition of leaf litter may affect ginseng survival, growth and reproduction. Within both
studies, I found no significant effect of garlic mustard density or leaf litter addition on
ginseng growth. These results were consistent with findings from my seedling study and
show that established plants may be resistant to the negative effects of garlic mustard.
However, within the leaf litter addition study, two ginseng reproductive variables tended
to be negatively affected by increased garlic mustard weight. As the weight of garlic
mustard leaf litter increased, the proportion of flower buds which developed into berries
decreased as well as the number of seeds per bud. Many studies have found that in times
of stress, plants tend to decrease reproductive investment (e.g. Grime 1979; Chiariello
and Gulmon 1991; Sun et al. 2004) which may have been the case for ginseng plants in
my study. The fact that seed production had a tendency to decline with increased garlic
mustard could have negative implications for the fecundity of ginseng in densely invaded
populations.
Invasion of wild ginseng populations by non-native plant species has many
implications. Altogether, the objectives of these studies were to evaluate the level of
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invasion and potential effects of a particular invasive, garlic mustard, in order to address
a facet of conservation and management concern for wild ginseng. The surprisingly high
level of invasion among ginseng populations and near individuals prompts a need to
understand interactions between these species and if they might affect ginseng as well as
other understory herbs. While garlic mustard was my main focus, several other invasive
species found within ginseng populations also may be problematic. For example,
Japanese barberry (Berberis thunbergii) has been found to alter soil microbial community
structure (Kourtev et al. 2002; Kourtev et al. 2003), and Japanese honeysuckle (Lonicera
japonica) can form thick vegetative mats that exclude native seedlings (Hardt 1986;
Myster and Pickett 1992). Furthermore, Amur honeysuckle (Lonicera maackii) and
Tree-of-Heaven (Ailanthus altissima) have been found to exhibit allelopathic properties
(Dorning and Cippollini 2005; Heisey 1990; Heisey 1996; De Feo et al. 2003).
Therefore, future research should focus on how other invasive species may affect survival
and growth of ginseng as well as other understory species commonly found in ginseng
habitat.
Several limitations also existed within my studies. My field studies occurred at
only one site per study, and results from my fourth chapter indicated that microsite
variation can affect several ginseng growth and reproductive variables. Therefore, it is
possible that results found within my studies may have varied at different locations.
Furthermore, in my third chapter, I collected garlic mustard seeds to prevent invasion at
the site and harvested garlic mustard early to collect biomass data. However, studies
have found high concentrations of phytotoxic chemicals within garlic mustard seeds
(Larsen et al. 1983) and within the fall of its second year of growth (Vaughn and Berhow
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1999). Therefore, garlic mustard within my study may have not exerted its full
allelopathic effect. For my fourth chapter, I also began the decomposition study in the
spring, when garlic mustard would have been naturally growing. However, this was done
to elicit the maximum effects of garlic mustard decomposition on ginseng plants.
Despite these limitations, the surprisingly high level of invasion among ginseng
populations and near individuals prompts a need to understand interactions between these
species and if they might affect ginseng as well as other understory herbs. My garlic
mustard research also has shown a tendency for garlic mustard to increase seedling
mortality and decrease reproductive effort in adult ginseng. These factors combined with
the low reproductive potential of ginseng may ultimately influence future population
growth within garlic mustard invaded areas.
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